Pacific oysters, Crassostrea gigas, are commonly reared in estuaries where they are exposed to anthropogenic pollution. Much research has been made on the toxicity of cadmium to aquatic organisms because the compound recurrently contaminates their environment. Our study examined the influence of cadmium on aneuploidy level (lowered chromosome number in a percentage of somatic cells) and hemocyte parameters in C. gigas at different stages of life. Adults and juveniles were exposed to two different concentrations of cadmium. The first concentration applied was equivalent to a peak value found in Marennes-Oléron bay (Charente-Maritime, France; 50 ng L −1 ) and the second was 10 times higher (500 ng L
Introduction
The Pacific oyster, Crassostrea gigas, is the most economically valuable mollusk species in the world (FAO, 2004) . This species is often reared in coastal ecosystems where pollutants degrade environmental quality.
C. gigas has a diploid chromosome number of 2n = 20 (Thiriot-Quiévreux, 1986 ) but hypodiploid aneuploid cells (2n < 20) are commonly found and the percentage of somatic cells affected by this phenomenon is negatively correlated with growth rate (Leitão et al., 2001a) . Evidence suggests that genetic background influences the level of aneuploidy in C. gigas (Leitão et al., 2001b) and that certain environmental contaminants (the herbicides atrazine and diuron) increases it unpublished) . Different chromosomes are differently susceptible to aneuploidy (Leitão et al., 2001c; Bouilly et al., 2005) .
The open circulatory systems of mollusks are continually exposed to fluctuations of environmental factors including contaminants (Cheng, 1981) . In bivalves, the cellular defense system consists of hemocytes which have various modes of action including phagocytosis, intracellular degradation of pathogens with hydrolytic enzymes, production of reactive oxygen metabolites and phenoloxidase activity (Cheng and Rodrick, 1975; Cheng, 1988a; Pipe, 1992) .
Cadmium pollution is a concern because of both environmental and occupational reasons, since it has a wide variety of adverse effects. The presence of cadmium in Marennes-Oléron bay, France (Charente-Maritime) (Boutier et al., 1989; Pigeot et al., 2006) could cause significant problems as this is the largest oyster rearing area in Europe (30,000-40,000 metric tons produced annually, Soletchnik et al., 2001) . Cadmium has an extremely long biological half-life, essentially making it a cumulative toxin. It has been classified as a human carcinogen and is a potent multi-tissue animal carcinogen (IARC, 1993) . Most bivalve mollusks are filter feeders and concentrate cadmium and other metals in their soft tissues.
Although many studies have been made on cadmium accumulation by bivalves and its toxic effects on them (e. g. Watling, 1978; Zaroogian and Morrison, 1981; Miramand et al., 1999; Pennec et al., 2002) , few investigations have studied its genotoxicity or immunotoxicity to these organisms.
The aim of the present study was to focus on the genotoxic and immunological effects of cadmium on the Pacific oyster at environmentally representative concentrations. We looked at whether cadmium had any effect on chromosome number at two different stages of development (adult and juvenile) and on a subsequent generation. Hemocyte parameters (cell mortality, phagocytosis, esterase, peroxidase and aminopeptidase activities) were monitored by flow cytometry in the same population of adult oysters. Phenoloxidase-like activity was also measured using spectrophotometry.
1.

1.1.
Materials and methods
Biological material Three-year-old adult Pacific oysters, C. gigas, were purchased from a shellfish farm located in Marennes-Oléron bay (La Tremblade, Charente-Maritime, French Atlantic coast) in March 2002. In the same period, other oysters were bred and raised to the juvenile (spat) stage at the IFREMER (Institut Français de Recherche pour l'Exploitation de la Mer) hatchery in La Tremblade.
Cadmium exposure
Both adults and juveniles were exposed to cadmium by adding cadmium solutions to seawater pumped from Marennes-Oléron bay. Ordinary seawater was used as a control (treatment 1). The cadmium treatments represent the peak value found at the north of Marennes-Oléron bay in 1991 (50 ng L -1 ) (treatment 2) (Boutier et al., 2000) , and a value ten times higher (500 ng L -1 ) (treatment 3). Two replicates (A and B) were made for each concentration and for the control.
For the experiment on adults, each raceway contained 70 oysters (~ 70-mm shell length) for the aneuploidy study and 50 oysters for monitoring hemocyte parameters. These oysters were first acclimated to the hatchery environment for 14 days in through-flow raceways. The experiment was then conducted over two months in closed-circuit raceways equipped with water circulation systems for oxygenation. Each raceway contained 125 L of seawater which was changed every day and maintained at 19.5°C ± 1°C. Cadmium solutions, made by dissolving the initial solid cadmium chloride (anhydrous CdCl 2 , Sigma) in distilled water, were added to the raceways of treatments 2 and 3 every day. The treatment doses were 125 mL cadmium at 50 µg L -1 for treatment 2 and 125 mL at 500 µg L -1 for treatment 3. All cadmium treatments were diluted in 5 L of seawater before they were added to the raceways. The oysters were fed daily with a mixture of algae (Skeletonema costatum, Isochrysis galbana, Tetraselmis suecica, and Chaetoceros calcitrans). The experiment with juveniles was performed separately as the juveniles were produced after adult exposure began. At the age of 2 months, groups of 150 juveniles (~ 5-mm shell length) were placed in six aquariums. No acclimation was necessary as these animals had always been kept in the hatchery. The experiment was conducted over three and a half months in closed-circuits with systems of water circulation for oxygenation. Each aquarium contained 16 L of seawater, to which 16 mL of cadmium at 50 µg L -1 was added for treatment 2 and 500 µg L -1 for treatment 3. Seawater and cadmium were changed daily and the juvenile oysters fed with I. galbana. Mortality was monitored in both adult and juvenile populations.
Offspring of exposed adults
At the end of the two month exposure period, six males and six females from each treatment were crossed. Gametes were obtained by strip-spawning sexually mature animals. For each fertilization, 600 million spermatozoids were added to approximately 3 million oocytes suspended in 1 L of seawater. The fertilized gametes were divided into two replicates for each cross and these were placed in 30-liter fibreglass larval tanks of seawater. Larvae were reared for approximately 3 weeks under standard conditions (30 L tanks, temperature: 23-24°C) and fed with a mixture of phytoplankton species: I. galbana, Pavlova lutheri, T. suecica and C. calcitrans. Larval density was evaluated by microscope counts of samples from each batch. Larval growth was studied by measuring the size of 50 larvae per batch every two or three days on an image analysis system. The larvae were transferred to a micro-nursery when they were ready to settle. Aneuploidy of these offspring was studied at eight months.
Chromosome preparation for aneuploidy analysis
Aneuploidy level was studied in all groups: adults and juveniles from the exposure experiments, and the offspring of the adults. The oysters were first incubated for 7-8 h in seawater containing 0.005% colchicine. Their gills were then dissected in a dish of seawater, treated for 40 minutes in 0.9% sodium citrate and fixed in a freshly prepared mixture of 3:1 absolute ethanol-acetic acid (four changes: 10 min, 10 min, 20 min, 20 min). Each slide was made from a piece of gill tissue following the air drying technique of Thiriot-Quiévreux and Ayraud (1982) . The slide preparations were stained for 10 min with Giemsa (4%, pH 6.8).
Aneuploidy scoring
Chromosome counts were made by microscope observation (Olympus BH2 microscope) on apparently intact and well-spread metaphase cells. We considered the cells with 2n = 19, 18 or 17 chromosomes as aneuploid. The mean percentage aneuploidy per replicate was estimated by counting 30 metaphase cells per animal in 10 animals per replicate (300 well-spread metaphase cells per replicate in total).
Sampling of circulating hemocytes
Adult oyster hemocytes were collected at 0, 4, 21, 39 and 66 days. On each occasion, ten oysters were analyzed per raceway. Hemolymph was withdrawn from the pericardial cavity using a 1-mL syringe equipped with a needle (0.9 x 25 mm). For each oyster, 0.5-1 mL of hemolymph was collected and conserved on ice to prevent hemocyte aggregation. Hemolymph samples were pooled from five oysters, giving two pools per raceway and four pools per treatment.
Cell analysis by flow cytometry
Flow cytometry protocols were used as described in Gagnaire et al. (2003; . For each sample, 3,000 events were counted using an EPICS XL 4 flow cytometer (Beckman Coulter). Results were expressed as cell cytograms indicating the size (FSC value), complexity (SSC value) and fluorescence channel(s) corresponding to the marker used. The type of fluorescence recorded depended on the parameter monitored: enzymes and phagocytosis were measured using FL1 and mortality using FL3.
Mortality was quantified using 200 µL hemolymph. Hemocytes were incubated in the dark for 30 min at 4°C with 5 µL propidium iodide (PI, 1.0 mg mL -1 , Interchim). Esterase, aminopeptidase and peroxidase activities were evaluated with commercial kits (Cell Probe TM Reagents, Beckman Coulter). Each analysis required 200 µL hemolymph and 20 µL of the corresponding kit (FDA•Esterase, A•Aminopeptidase M and DFCH or PMA•Oxidative Burst). Hemocytes were incubated in the dark at room temperature for 15 min for esterases and peroxidases and for 30 min for aminopeptidases. Phagocytosis was measured by ingestion of fluorescent beads. Two hundred µL of hemolymph was incubated for 1 h in the dark at room temperature with 10 µL of a 1/10 dilution of Fluorospheres ® carboxylate-modified microspheres (diameter 1 µm, Interchim).
Phenoloxidase-like (PO-like) activity detection
Hemolymph samples were centrifuged (260 g, 10 min, 4°C) and the acellular fraction (supernatant) was frozen at -20°C for further analysis. Detection of PO-like activity in acellular fraction samples was carried out by measurement of L-Dopa transformation in dopachromes. Transformation was monitored by spectrophotometry at 490 nm. The hemolymph samples were placed in 96 well microplates with 20 µL in each well. Purified trypsin TPCK (N-Tosyl-l-phenylalanine chloromethyl ketone, 1g L -1 , Sigma) was used as an activator of PO activity. Phenylthiourea PTU (1-Phenyl-3-(2-Thiazolyl)-2-Thiourea, 10 mM, Sigma), was used as an inhibitor of PO activity. The following reagents were added to each cell: 60 µL cacodylate buffer (CAC), 20 µL PO activity modulator (TPCK or PTU), 20 µL L-Dopa (L-3, 4-dihydroxyphenylalanine, 3 mg mL -1 , Sigma).
Statistical analysis
Since the number of metaphase cells evaluated per individual was the same in all the studied material (30 per individual), it was possible to test the replicate effect using a two-way analysis of variance (cadmium concentration and replicate effect). Results were compared between parents and offspring using a three-way analysis of variance in which the effects were generation (parents or offspring), cadmium concentration and replicate effect. Analyses of variance were made using SYSTAT 9.0 by SPSS (Wilkinson, 1990) .
Survival rates of oysters were examined using the Kaplan-Meier method (Kaplan and Meier, 1958) . The Mantel-Cox test (also known as the log-rank test) was used to compare survival trends between oysters exposed to different cadmium treatments (Mantel, 1966) . Effect of parental treatment on offspring hatching rate was analyzed with G-tests (Scherrer, 1984; Sokal and Rohlf, 1995) . Larval growth curves were compared using correlation coefficients (R).
Hemocyte parameter values were analyzed using non-parametric Kruskall-Wallis tests. H 0 was rejected when P ≤ 0.05. In the cases where H 0 was rejected, an a posteriori Student-Newman-Keuls (SNK) test was used.
2.
2.1.
Results
Survival and development parameters
For adult oysters exposed to 0, 50, and 500 ng L -1 cadmium, mortality rates were 27.1%, 39.3%, and 17.9% respectively. For juvenile oysters exposed to 0, 50, and 500 ng L -1 cadmium, mortality rates were 23.3%, 33%, and 15.7% respectively. Survival curves are presented in Fig. 1 and Fig. 2 for adult and juvenile oysters, respectively. For adult oysters, the difference was statistically significant between treatments 1 and 2 (Mantel-Cox = 5.71; P = 0.0169) and between treatments 2 and 3 (Mantel-Cox = 14.2; P = 0.0002). No significant survival difference was observed between treatments 1 and 3 though (Mantel-Cox = 2.62; P = 0.1055). For juvenile oysters, significant differences were observed between treatments 1 and 2 (Mantel-Cox = 5.364; P = 0.0206), treatments 2 and 3 (MantelCox = 24.513; P < 0.0001), and treatments 1 and 3 ; P = 0.0128).
Abnormally high mortality occurred in the larval offspring replicate 1A due to a technical problem with oxygenation the first day. This probably contributed to the low hatching rate (41%) compared with the other larval tanks. This result was therefore not used in the calculation of hatching rates per treatment. Where the parents were exposed to 0, 50, and 500 ng L -1 cadmium, the hatching rates were 70.3%, 74.8%, and 94.5% respectively and were not significantly different (G = 4.059). The offspring of parents from the different treatments did not show any significant differences in their larval growth either (Fig. 3) . R-values for growth of progenies of treatments 1, 2 and 3 were 1.000, 0.9998 and 0.9999 respectively.
Aneuploidy
Aneuploidy levels of adult oysters in the replicates of treatments 1 (control), 2 (50 ng L -1 ) and 3 (500 ng L -1 ) produced means of 13.3 and 16.3%, 18 and 22.7%, and 23.7% (both replicates) respectively (Fig. 4) . Treatment effect was highly significant (P< 0.001) but replicates were not significantly different (P = 0.740). Considering pairs of treatments, significant differences were observed between treatments 1 and 2 (P = 0.007) and between 1 and 3 (P < 0.001) but not between 2 and 3 (P = 0.084).
Aneuploidy levels of juvenile oysters were significantly lower than those of adults (P < 0.001). Juvenile aneuploidy levels in the replicates of treatments 1 (control), 2 (50 ng L -1 ) and 3 (500 ng L -1 ) produced means of 12.7 and 15%, 14.7 and 15.7%, and 14.3 and 19.3% respectively (Fig. 4 ). There were no significant differences between replicates (P = 0.405) or treatments (P = 0.250).
When treatments were compared two by two (adults and juveniles together), we observed significant differences between the treatments (P = 0.017; P < 0.001; P = 0.040 for the treatments 1 and 2, 1 and 3, and 2 and 3 respectively). Differences between adult and juvenile oysters were also found in the treatment pairs (P = 0.031; P = 0.005; P < 0.001 for the treatments 1 and 2, 1 and 3, and 2 and 3 respectively).
Offspring aneuploidy levels in the replicate groups of progeny from treatments 1, 2 and 3 produced means of 9.7 and 13.3%, 9.7 and 13.7%, and 9.7 and 13.3% respectively (Fig. 4) . As with the exposed juveniles, neither replicate (P = 0.424) or treatment (P = 0.996) had a significant effect. When parents and offspring were analyzed together, there was no significant replicate effect (P = 0.422) but significant differences were found for treatment (P = 0.010) and between parents and offspring (P < 0.001). Analysis of pairs of treatments showed that only treatments 1 and 3 were significantly different (P = 0.001).
Hemocyte parameters
Hemocyte parameters were analyzed in the adults at 0, 4, 21, 39 and 66 days. Values of these parameters evolved over time for any one treatment considered. Hemocyte mortality and percentages of esterase and peroxidase positive cells increased until 21 days and then decreased in subsequent samples (P < 0.05, Table 1 ). The largest inter-treatment differences occurred at 21 days (Fig. 5) . Percentages of esterase and peroxidase positive cells only increased significantly at 500 ng L -1 Cd. Phagocytosis decreased significantly at 50 ng L -1 (Fig. 5 ).
Evolution of PO-like activity in acellular fractions
PO-like activity in hemolymph was detected both in the absence and presence of cadmium. It varied over the time of experiment, with a maximum at 39 days and minima at 21 and 66 days (Fig. 6) . No effect of cadmium was observed on PO-like activity except after 66 days of contact. Activity increased at 500 ng L -1 cadmium (P < 0.05, Table 1 ).
3.
3.1.
Discussion
Survival and developmental parameters Treatment had a significant effect on survival though results were not dose-dependant. Survival time decreased when oysters were maintained in contact with 50 ng L -1 cadmium, compared with the control, but increased at 500 ng L -1 . Adults and juveniles both showed this pattern and this could have arisen from a secondary effect of cadmium on bacterial populations. Bacteria have some cadmium tolerance and certain types can develop mechanisms of detoxification (Ivanova et al., 2002) . Following chronic exposure to sublethal toxin concentrations, anoxic survival generally decreases (de Zwaan and Eertman, 1996) . Such a decrease was shown when the bivalve Scapharca inaequivalvis was exposed to 100 µg L -1 cadmium for two weeks. However, when S. inaequivalvis and Venus gallina were exposed to a dose of cadmium 5 times higher, anoxic survival time increased by a factor of 2 (de Zwaan et al., 2001) . Cadmium effects could be enhanced by the presence of other pollutants. Two mg L -1 of Cd and 150 µg L -1 of Cu caused higher mortality than Cd at 2 mg L -1 in Ostrea edulis (Auffret et al., 2002) . Robert and His (1985) observed that cadmium concentration in the Gironde estuary (1 µg L -1 ) did not affect the breeding potential of C. gigas. This result agrees with the present study since our lower cadmium concentrations (50 and 500 ng L -1 ) did not reduce breeding success in the crosses we made, nor did these concentrations of cadmium in the parental environment have an effect on offspring larval growth. In another previous study, Watling (1978) only observed a decrease in C. gigas larval growth with higher concentrations (from 20 µg L -1 ). Moreover, Robert and His (1985) observed no effect on the larval development of the same species below 50 µg L -1 . When parental oysters were exposed to atrazine, this herbicide affected the hatching rate of offspring but not subsequent larval growth (Bouilly et al., 2004) . The presence of diuron in the parental environment did not affect offspring hatching rate or larval growth though (Bouilly et al., unpublished) .
Aneuploidy
Cadmium was seen to affect aneuploidy when adult oysters were exposed to 50 and 500 ng L -1 . This effect was not shown in juvenile oysters even though they were exposed to cadmium for slightly longer. This may be because juvenile oysters are less sensitive to cadmium than adult oysters. Although we know of no previous studies that compared juveniles and adults, Vicente et al. (1988) showed that earlier stages (eggs and larvae) were more sensitive to cadmium than adults. However, many studies on toxicity to larvae only showed effects on development at levels of 5 to 20 µg L -1 cadmium (Zaroogian and Morrison, 1981; Watling, 1978) and Robert and His (1985) found no effect even at 50 µg L -1 . The offspring of the adult oysters from the exposure experiment were not significantly different between groups originating from adults from the different cadmium treatments. Aneuploidy levels of these offspring were, however, lower than those of their parents. This study therefore provides no evidence that cadmium-induced aneuploidy effects persist to the next generation. This contrasts with results observed in similar experiments on atrazine (Bouilly et al., 2004) and diuron (Bouilly et al., unpublished) , where heritable effects were observed. These two herbicides probably have different mechanism/s of action to cadmium. Although the impact of cadmium on adult aneuploidy was higher than that of these other contaminants under the concentrations studied, it did not seem to affect the sex cells. Atrazine and diuron must have some impact on reproductive tissues to have mediated the effects observed in the offspring. The present results also contrast with evidence for family effects on the control of aneuploidy shown by Leitão et al. (2001b) where parents and offspring had similar aneuploidy levels without any contaminant treatments. Cross and Rebordinos (2003) studied genotypic consequences of heavy metal contamination and showed that the pressure of marine contamination by cadmium, iron and zinc was associated with higher mean number of alleles per locus and lower heterozygosity in Crassostrea angulata populations. Cadmium is known to induce structural and numerical chromosome aberrations in other species and there is considerable evidence for its clastogenicity. It has been shown to induce DNA strand-breakage, chromosomal aberrations and sister chromatid exchanges in various mammalian cells in vitro (Ochi et al., 1984; Howard et al., 1991; Coogan et al., 1992) ; but at much higher levels (> 1 mg L -1
) than the ones we tested in vivo.
Hemocyte parameters
Several hemocyte parameters presented differences after 21 and 66 days of contact with cadmium. The percentage of esterase positive cells increased at 500 ng L -1 cadmium after 21 days of contact, in contrast with a previous study which showed no effect of cadmium on acetylcholinesterase in Mytilus galloprovincialis (Najimi et al., 1997) . Peroxidase activity also increased, which could have been related to the esterase increase. Several hemocyte parameters (hemocyte mortality, peroxidases and phagocytosis) increased significantly after 21 days, with or without cadmium, and then decreased after this sampling date. Hence, maintaining oysters in laboratory conditions may itself modify hemocyte parameters. However, a sufficient maintenance time allows parameters to recover their initial values (Russo and Lagadic, 2004) . A similar 'recovery' result was reported after diuron contamination but not in laboratory controls (Bouilly et al., unpublished) . In previous in vivo studies where correlations were shown between exposure and cell reactions, the Cd concentrations were higher than those used in the present study. For example, 1 mg L -1 cadmium tested on Crassostrea virginica for 2 weeks induced increases in phagocytosis and number of circulating hemocytes (Cheng et al., 1987; Cheng, 1988a Cheng, , 1988b . The same concentration also decreased hemocyte viability but only after 24 hours contact (Cheng, 1990) . Contact with a concentration of 400 µg L -1 Cd induced a decrease in phagocytosis and an increase of number of circulating hemocytes in Mytilus edulis (Coles et al., 1995) , but phagocytosis increased at 40 µg L -1 . However, in Ruditapes philippinarum, no effect of cadmium was found on phagocytosis or superoxide dismutase after 7 days of contact with Cd concentrations ranging from 0 to 450 µg L -1 (Matozzo et al., 2001 ). Another study reported that cadmium accumulates preferentially in C. gigas hemocytes from the gills, labial palps and digestive tract walls, rather than in mobile hemocytes (Martoja and Martin, 1985) . Therefore, hemocytes from hemolymph may not be a primary zone for cadmium accumulation.
Bivalves can produce metallothioneins (MT) under higher cadmium concentrations. After 21 days of contact at 200 µg L -1 Cd, MT increased in gills of both C. gigas and M. edulis (Géret et al., 2002) . These molecules enter the circulation and are transported to the kidney where Cd is efficiency absorbed and rapidly degraded (Fowler, 1993) .
PO-like activities varied over the time of the experiment but this was not always due to cadmium. Cadmium only increased PO-like activity at 66 days of contact. There are no reports of cadmium effects on C. gigas PO-like activity in the literature, but a study on M. edulis reported a dosedependent increase of PO-like activity after 7 days contact with 200 and 400 µg L -1 of fluoranthen (Coles et al., 1994) .
Conclusion
Our study was designed to provide an integrated assessment of the toxicological impact of cadmium to oysters at two levels: genotoxicity and immunotoxicity. Cadmium caused significant increases in aneuploidy of adult Pacific oyster at concentrations that these animals could encounter in polluted environments, but did not affect juveniles in the same way. This heavy metal also led to some significant, but reversible, changes in hemocyte parameters. A decrease in survival time was observed at 50 ng L -1 cadmium but not at 500 ng L -1
. At environmental concentrations, therefore, cadmium affects the survival of C. gigas but only has small effects on its aneuploidy level and hemocyte parameters. Thus, the Pacific oyster does not appear to be highly sensitive to cadmium, probably because it has Cd detoxification mechanisms. Such mechanisms could explain why large numbers of oysters are present in areas subject to recurrent cadmium pollution. Table 1 Values and standard deviation of hemocyte parameters and PO-like activity with time and cadmium concentrations. Values are means of Fig. 1 . Survival probability of the adult oysters Crassostrea gigas exposed to different cadmium concentrations (0, 50 and 500 ng L -1 ). 
